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ABSTRACT: This study demonstrates that the nanopore terraces constructed on a multilayer graphene sheet could be employed to 
control the conformation and transportation of an ssDNA for nanopore sequencing. As adsorbed on a terraced graphene nanopore, 
the ssDNA has no in-plane swing nearby the nanopore, and can be locked on graphene terraces in a stretched conformation. Under 
biasing, the accumulated ions near the nanopore promote the translocation of the locked ssDNA, and also disturb the balance between 
the driven force and resistance force acted on the nucleotide in pore. A critical force is found to be necessary in trigging the kickoff 
of the ssDNA translocation, implying an inherent “field effect” of the terraced graphene nanopore. By changing the intensities of 
electric field as trigger signal, the “stop” and “go” of an ssDNA in the nanopore are manipulated at single nucleobase level. The 
velocity of ssDNA in the nanopore can also be regulated by the frequency of the electro-stimulations. As a result, a new scheme of 
controllable translocation of ssDNA in graphene nanopores is realized by introducing controllers and triggers, appealing more explo-
rations in experiment. 
anopore revolution is still in need in the sequencing of 
label-free DNA at single nucleobase resolution 1-3. Na-
nopores tailored on atomic-scale thin two-dimensional 
(2-D) materials such as graphene promise the single-nu-
cleobase recognition ability due to the comparable dimensions 
between the interval of adjacent nucleobases and the thickness 
of nanopore 4-6. By using graphene nanopores, the intrinsic and 
induced disparities of local conformations of a DNA during 
translocation could be revealed in the fluctuations of ionic cur-
rent and transversal conductance 4-7. However, DNA sequenc-
ing has still not been achieved by a graphene nanopore due to 
the high sensitivity of these signals toward the stochastic fluc-
tuations of DNA conformation in pore 5,7, and even the flexibil-
ity of graphene membrane itself 8. To improve the resolution of 
nanopore sequencers further, it is first vital to overcome the 
fluctuations of DNA conformation in nanopores. 
It is well known that the nucleobases in DNA could be ad-
sorbed on hydrophobic sp2-carbon surfaces 9, especially carbon 
nanotubes and graphene. Initially, experimentalists were fo-
cused on avoiding such an adherency of DNA on graphene be-
cause of the low capture ability of the nanopore towards an ad-
sorbed DNA 10, but, the transportation of either dsDNA or 
ssDNA in a graphene nanopore was found slowing down by π-
π stacking interaction between nucleobases and graphene 11-13. 
In particular, a step-wise translocation of an adsorbed ssDNA 
could be observed in graphene nanopores 13. By changing the 
polarity of surface charges of graphene, a stop-and-go motion 
of an adsorbed ssDNA in nanopore could be realized further 14,  
as the stacking conformation of nucleobases on graphene-like 
surfaces was regulated by the charge density of carbon atoms 
14,15. However, the in-plane motion of ssDNA on graphene sur-
face was out of control in these schemes 13,14. Stochastic swings 
of ssDNA on graphene surface might not only induce the con-
formational and temporal indeterminacies of each nucleobase 
in nanopore, but also disturb a steady distribution of ions those 
close to graphene surfaces under bias voltage, inducing poten-
tial uncertainties/noises of nanopore sequencing. 
Inspired by the terrace-effect in the drilling of nanopore on 
multilayer graphene 16, in this contribution, we proposed a na-
nopore device which has several graphene terraces nearby the 
pore (Figure 1). These graphene terraces were designed to lock 
the local conformation of ssDNA (colored in white, Figure 1). 
Meantime, the multilayer graphene was expected to reduce the 
1/f noise of nanopore 8. By means of molecular dynamics (MD) 
simulations, we found that the sliding of a ssDNA (poly-
(ATGC)4) nearby the pore was inhibited effectively for the ad-
sorption of nucleobases on different graphene terraces. By ana-
lyzing the effective driven forces acted on the ssDNA, we found 
that a “gate voltage” was necessary to trigger the transportation 
of ssDNA in the nanopore. As a demo, we manipulated the 
“stop” and “go” statuses of the adsorbed ssDNA in the terraced 
graphene nanopore using a straightforward trigger signal— 
electric field pulses. By integrating the effects of graphene ter-
races and external stimulations, a controllable translocation of 
ssDNA through nanopore was realized at single nucleobase 
level. 
N 
  
Figure 1. Schematic of a terraced graphene nanopore device. The 
highlighted drawing shows the locked portion (colored in white) of 
ssDNA on graphene terraces. 
The stability of ssDNA (poly-(ATGC)4) in a terraced gra-
phene nanopore was established by a comparison with the dy-
namics behavior of the ssDNA in a smooth graphene nanopore. 
Two nanopores were drilled in monolayer and multilayer gra-
phene respectively, with the same aperture of 1.4 nm (Figures 
2a-2b). Different with the smooth monolayer graphene na-
nopore (Figure 2a), four graphene terraces were tailored on two 
sides of the multilayer graphene membrane additionally (9-lay-
ers of graphene in total, Figure 1). The width of each terrace 
was about 0.7 nm (Supporting Information Figure S1), allowing 
the adsorption of single nucleobase (Figure 2b). Two 10-ns MD 
simulations were performed to monitor the conformational fluc-
tuations of the ssDNA chain adsorbing on the two graphene na-
nopores in 1 M NaCl solution 11, respectively. In the simulations, 
only the carbon atoms at the edge of graphene were fixed 17, 
allowing the flexibility of the two graphene nanopores 8. 
The sampled structures of ssDNA in the two graphene na-
nopores were shown as density maps in Figures 2c-2d. In line 
with a previous investigation 13, the free swing of nucleobases 
on the smooth graphene surface induced a broad range of 
ssDNA distribution (Figure 2c). In contrast, the terraces on mul-
tilayer graphene locked the local conformation of ssDNA on the 
surface (Figure 2d), inhibiting the fluctuation of nucleobases 
nearby the pore effectively (indexes #7-#13, Figure 2g). Be-
sides, the backbone of this portion of locked ssDNA was also 
stretched relative to the swing ssDNA (Figure 2h). Such a 
“static” and “extended” conformation of an ssDNA on graphene 
terraces means a limited perturbation of the ssDNA towards 
ions near the pore. As expected, a high-density region of ions 
was observed inside the terraced nanopore for both Na+ and Cl-, 
but no observable concentration of either Na+ or Cl- occurred 
inside the pore on monolayer graphene (Figures 2e-2f). These 
results indicate that the structural stabilities of ssDNA and ions 
could be both enhanced in the terraced graphene nanopore, 
promising in the improvement of the accuracy of sequencing by 
either ionic current or transversal tunneling conductance meas-
urements 5,13,18.   
 
Figure 2. Snapshots of ssDNA adsorbing on a smooth graphene nanopore (a) and a terraced graphene nanopore (b), respectively. Density 
maps of ssDNA adsorbing on (c-d) and ions projected in (e-f) surfaces of the smooth and terraced graphene nanopore, respectively. (g) Root-
mean-square fluctuations (RMSFs) of each nucleobase on the locked and swing ssDNA. (h) Average distance between two adjacent phos-
phate (P) groups on the backbone of locked and swing ssDNA. 
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The translocation of an adsorbed ssDNA through a graphene 
nanopore is dominated by the external driven force as well as 
the encountered resistive forces in system. In nanopore experi-
ments, a bias voltage induced a driven electric field pulling the 
ssDNA through a nanopore. Due to the insulativity of graphene 
membrane in normal direction, the drop of voltage in nanopore 
experiments occurred on the immediate vicinity of the pore, and 
therefore electrical forces acted on a short part of ssDNA locally 
19. Herein, we assumed that the driven force applied externally 
(Fd), the influence of ions (Fo), and  the resistive force caused 
by DNA-graphene interaction (Fg) were all acted on the nucle-
otide of ssDNA in pore (Figure 3a). Under a biasing electric 
field, the external driven force and the influence of ions could 
be considered together as an electrophoretic force Fe=Fd+Fo (Fo 
and Fd were assumed in the same direction, and the effect of 
water was ignored). To trigger the ssDNA translocation in pore, 
Fe ≥ Fg should be achieved. At the critical (starting) state before 
a step-wise translocation of the ssDNA, the electrophoretic 
force Fe is balanced with the resistive force Fg. Ideally, a nucle-
obase at the critical state in pore could alter in the statuses of 
desorption from and re-adsorption on the edge of graphene na-
nopore. To arrest this critical state of ssDNA translocation, a 
quasi-desorption state of the nucleobase from the edge of the 
pore was built by applying an adaptive force Fa on the phos-
phate group of the nucleotide (Figure 3b), resulting in a new 
balance: lim
𝑑𝑒𝑠𝑝
𝐹g= Fe + Fa. 
The measured Fa, Fe and Fo were plotted as the function of 
biasing electric field in Figure 3c (see Computational details). 
As these forces were balanced, when Fe was increased with the 
enhancement of external electric field, Fa was decreased corre-
spondingly. The measured values of Fa were fitted to a linear 
equation, with the weighting of the reversal of its fluctuations, 
showing that Fa arrived to zero when the external electric field 
was about 1.1 V/nm. It corresponds to an effective driven force 
(Fe) around 400 pN. Below the critical point, the transportation 
of the adsorbed nucleobase in pore could not be kick-started. 
On the other hand, the fluctuations of Fa under biasing were 
huge as compared with the fluctuations of Fa without the exter-
nal electric field. The huge fluctuations of Fa around the critical 
point mean that the balance between Fe and Fg was easy to be 
disturbed under an external electric field. 
Besides the external electric field, the accumulation of ions 
on graphene surface resulted in an additional voltage drop in the 
nanopore 17. By filtering out the external driven force, which 
was exactly in line with the strength of applied electric field, the 
contribution of the ions towards ssDNA translocation were ob-
tained (Figure 3c). We found that Fo was positive under all ap-
plied external electric fields. In particular, when the external 
electric field was greater than 0.7 V/nm, Fo even became 
stronger than the external driven force. Such a powerful contri-
bution of the ions towards ssDNA translocation might be one 
origination of the fragile balance (fluctuations of Fa) of ssDNA 
translocation under biasing, because of the electrostatic turbu-
lent fluctuations induced by the inherent mobility of the ions 
nearby the pore. Actually, the intermolecular interactions at the 
interface of graphene nanopore might be more complex due to 
the ignored factors in our assumption, e.g. the dipolar rearrange-
ments of water molecules under the synergetic impacts from the 
hydrophobicity of graphene, external electric field, and electro-
static perturbation of ions and ssDNA. 
 
Figure 3. (a) A graphical representation of the driven force (Fd) and 
the encountered forces (Fg and Fo) on the nucleotide of ssDNA in 
the terraced graphene nanopore. Here, we assumed that the Fo was 
in the direction of Fd. The P atoms on ssDNA were highlighted by 
using red beads. (b) A nucleobase at the desorption status from the 
upper surface of the graphene nanopore. At this critical state, 
lim
𝑑𝑒𝑠𝑝
𝐹g= Fe+Fa should be achieved. (c) Evolutions of Fa, Fe and Fo 
along the applied external biasing electric field. 
The availability of the predicted critical electric field was as-
sessed by performing an additional simulation for the same 
ssDNA in the terraced graphene nanopore under the external 
electric field of 1 V/nm (slightly smaller than 1.1 V/nm). As 
expected, no ssDNA translocation was observed in a 200-ns 
MD simulation (Supporting Information Figure S2). Different 
with the inconstant step-wise translocations of ssDNA in a 
smooth graphene nanopore 13, the employed graphene terraces 
can effectively restrain the uncertain translocations of ssDNA 
even though the applied electric field here was much higher rel-
ative to the previous study. Such a translocation character of a 
locked ssDNA in nanopore shows an inherent “field effect” of 
the terraced graphene nanopore, indicating that a “gate voltage” 
should be supplied to trigger a translocation-step of ssDNA. 
Also, it means that the “stop” and “go” statuses of an adsorbed 
ssDNA in the terraced graphene nanopore might be controlled 
by introducing a stimulation in the biasing electric field. 
Therefore, a weak biasing electric field with temporal high 
strength was generated to steer the motion of the adsorbed 
ssDNA in the terraced graphene nanopore (Figure 4a). Baseline 
of the external electric field (Eb) was set as 0.2 V/nm, which 
was commonly used in ionic current measurements 5,13. Each 
stimulation has a strength of 5 V/nm (Ep) and a width of 2 ps 
(Tp). Four translocation simulations were carried out with dif-
ferent time interval (Tb) between two impulses from 100 ps, 200 
ps and 500 ps, to 1 ns, respectively. We found that a step-by-
step translocation of ssDNA in pore is occurred according to the 
frequency of stimulations (Figure 4b). That is, the nucleobase 
in pore has no significant shift in the direction of biasing be-
tween two impulses (highlighted in red dot boxes, Figure 4b), 
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and all translocations of the nucleobase were finished within the 
time duration of a stimulation (Supporting Information Movies 
S1-S2). 
 
Figure 4. (a) A graphic presentation of the electric filed pulses. (b) 
Time evolutions of the translocation of each nucleobase under the 
pulsed electric field with Tp of 100 ps, 200 ps, 500 ps, and 1000 ps, 
respectively. The entrance of the terraced graphene nanopore was 
marked with red dot boxes. 
The quick motions of one nucleobase in pore before and dur-
ing an electric stimulation were presented in Figure 5. We found 
that the nucleobase underwent a process of slipping off from the 
edge of graphene and entering the nanopore during a stimula-
tion. Interestingly, due to the elasticity of the ssDNA backbone, 
a hysteretic change of conformation was occurred on the nucle-
obase. For instance, in the first 0.8 ps of a stimulation, no sig-
nificant movement of the nucleobase was observed, because the 
electric force was mainly acted on the charged phosphate group 
of ssDNA backbone. In addition, an obvious conformational 
warp of the nucleobase was occurred at 1.2 ps of stimulation, 
and the nucleobase was altered in the adsorption and desorption 
statuses on graphene edge during an additional stimulation of 
0.4 ps. Finally, the nucleobase shifted into the pore successfully 
after the stimulation of 2 ps. These results indicate that the “stop” 
and “go” of an adsorbed ssDNA could be manipulated at single 
nucleobase level by employing an electric stimulation. Thus, 
the overall transportation speed of an ssDNA in pore might also 
be regulated by the frequency of stimulations exactly. 
To assess the efficiency of these stimulations, 50 times of 
repetition simulation were performed further, with a Tb of 100 
ps for saving computational time. We found that 383 transloca-
tion events were triggered successfully after 450 stimulations, 
demonstrating a driven efficiency over 85%. The details of all 
these translocations under each pulse were tabulated in Figure 
6a, showing that the range of nucleobases triggered by each 
pulse was kept steady until the sixth pulse. Correspondingly, the 
number of skips of nucleobases (colored in green) after each 
pulse were conserved in range of 3 to 14 until the sixth pulse, 
maintaining the stability of the amount of the expected translo-
cations (highlighted in red dot box). The wider range of the trig-
gered nucleobases in the last four pulses (6~9) might be a result 
of the weakened restriction of the graphene terraces on the nu-
cleobases after portion of the ssDNA was transported through 
the nanopore (Supporting Information Movie S2). 
 
Figure 5. A typical process of the conformational transformation of 
a nucleobase at the entrance of nanopore before and during an elec-
tric stimulation. 
As a comparison, the identical electric stimulations were gen-
erated to steer the transportation of the same ssDNA in a smooth 
graphene nanopore which has the same aperture. Results 
demonstrated that 50 times of stimulation triggered only 35 
times of expected translocation for the first nucleobase in pore 
(R13) (Figure 6b). And, a rapid decline of the number of ex-
pected translocations and wider skip ranges of the nucleobases 
were observed with the increase of the number of pulses. The 
wide range of skips means that the triggered translocation of 
nucleobases in a smooth graphene nanopore was out of control 
comparing with that in the terraced graphene nanopore. Actu-
ally, one stimulation could activate several nucleobases nearby 
the smooth graphene nanopore (inset of Figure 6b), and the ad-
jacent nucleobases would transform into a stacking confor-
mation nearby the smooth nanopore (Supporting Information 
Movie S3). These observations revealed a drawback of the con-
formational variations of ssDNA induced by its free sliding 
nearby the nanopore. Therefore, to steer the “stop” and “go” of 
an ssDNA chain in a graphene nanopore at single nucleobase 
level, the locking of nucleobases by graphene terraces is as im-
portant as the applying of external stimulations. 
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Figure 6. The statistics of triggered translocation events of each nu-
cleobase (from 13 to 1) induced by each electric pulse (from 1 to 9) 
in the 50 repeating simulations in the terraced (a) and smooth (b) 
graphene nanopores, respectively. The expected translocations of 
nucleobases under each pulse were highlighted in red dot boxes. 
The skipped translocations of nucleobases under each pulse were 
colored in green. 
Furthermore, we explored the details of the failed stimula-
tions, by examining the trajectory and structure evolutions of 
nucleobases after one electric pulse. Position fluctuations of the 
nucleobase in pore along the direction of electric field were pre-
sented in Figure 7a. In the 50 times of simulation, 4 inefficient 
stimulations were occurred (the barycenter of nucleobase was 
on the upper surface of graphene nanopore during the Tb of 100 
ps, Figure 7a). Interestingly, we found that there was no signif-
icant conformational difference of ssDNA between a successful 
and the 4 failed stimulations before the triggering (Supporting 
Information Figure S3). It means that the inefficient stimula-
tions might be stem from the conformational differences of the 
ssDNA during Tp. Actually, the nucleobase in pore underwent 
different evolution processes during the these stimulations 
(Supporting Information Movies S4-S8). The nucleobase under 
the 4 failed stimulations could not get rid of the interaction of 
graphene after Tp (Figure 7b), i.e, the nucleobase was sticking 
on the rim of graphene nanopore during the Tb of 100 ps (31# 
trajectory). It implying that the edge friction between nucleo-
base and graphene also restricted the transportation of ssDNA. 
For other 3 stimulations (32#, 0# and 10# trajectories), two nu-
cleobases were shifted into the nanopore simultaneously, result-
ing a jam of transportation. Especially, the closely contact be-
tween two nucleobases would induce a stacking conformation 
(0# and 10# trajectories). Fortunately, these transportation acci-
dents were not frequent for the locked ssDNA in the terraced 
graphene nanopore (only 8%). A careful optimization of the 
structure of graphene terraces and the stimulation signals should 
be beneficial to further inhibit these unexpected transportation 
accidents. 
 
Figure 7. (a) The translocations of a nucleobase before and after an 
electric stimulation (50 times of repetition). (b) The final confor-
mations of the nucleobase after the four failed stimulations of Tp, 
and the typical conformations of the nucleobase during Tb of 100 
ps. 
In practice, the graphene terraces on such a nanopore could 
be constructed and optimized by using the single-atom resolu-
tion tailoring technologies 20,21, or by a programed in-situ syn-
thesis strategy 22, and even by an assembly of individual gra-
phene nanopore structures layer-by-layer 23. Besides, chemical 
functionalization and hydrophobicity tailoring 24 could be ap-
plied on these graphene terraces, to enhance the in-plane fric-
tion and/or to improve the discrimination capability of a na-
nopore to different kinds of nucleobases. To push the ssDNA 
away from the locked configuration using a low frequency (be-
low kHz) stimulation, a long enough sensing time could be sup-
plied to recognize each nucleobase in nanopore 13. The integra-
tion of multiple sensing strategies, such as ionic current and 
transversal tunneling current, is also a route to improve the er-
ror-correction ability of a single translocation event 4,7,18,25,26. 
New technologies should be developed to measure the conduct-
ance of each layer of graphene nanopore with high quality, and 
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an inserting of interlayer material between two graphene ter-
races might be helpful on this point 12,27. 
In summary, the proposed structure of a terraced graphene 
nanopore could be used to manipulate the transportation of an 
adsorbed ssDNA at single nucleobase level. The structure of 
ssDNA was locked by graphene terraces at the “stop” state, ef-
ficiently avoided the random swings of ssDNA nearby the na-
nopore. Such a stable adsorption of ssDNA on graphene ter-
races also provided a basis for reliable sequencing by transver-
sal conduction measurements. A “field effect” of the terraced 
graphene nanopore in ssDNA translocation was existed because 
a critical force was necessary to kick-start the translocation 
(“go”) of the adsorbed nucleobases on ssDNA. By introducing 
external stimulations, the step-by-step transportation of the 
locked ssDNA in the terraced graphene nanopore could be ma-
nipulated effectively at single nucleobase level. Such a steera-
ble transportation of a locked ssDNA through nanopore simpli-
fied the temporal-spatial complexity of ssDNA translocation, 
should be beneficial to improve the reliability of nanopore se-
quencing. 
 
Computational Details. In the calculation of effective forces, 
lim
𝑑𝑒𝑠𝑝
𝐹g was considered as a constant for a certain conformation of 
ssDNA adsorbing on graphene. Fe was obtained by measuring Fa. 
In our simulations, the external driven force was in proportion to 
the applied biasing electric field (Fd = qEz, q is the net charge on 
one phosphate group), therefore, Fo was obtained (Fo = Fe - Fd). 
Measurement of adaptive force Fa was carried out by using a spring 
with a constant of 830 pN/nm. The critical state of ssDNA in na-
nopore was defined as that the relative displacement of the nucleo-
base and the graphene in z-direction was in range of 0.45 nm - 0.55 
nm. Correspondingly, Fa was measured as the average force in this 
range. All MD simulations were performed using GMXMACS 4.5 
28 with AMBER force field 29 and TIP3P water model 30. Simulation 
box was about 10 × 10 × 8 nm3, and 3-D periodic boundary condi-
tion (PBC) was employed in simulations. Trajectories were col-
lected in canonical ensembles at 300 K via a V-rescale 31 heating 
bath. Detailed simulation procedures and other MD parameters 
were same as previous literatures 5,11. 
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